The effect of nanosized fillers on the structure and on the deformation and strength characteristics of polymer blends based on nitrile butadiene rubber and polyvinyl chloride was studied.
INtRoductIoN
The introduction of fillers into polymers is accompanied with the forming of new properties of the composite. The combination of polymers with fillers makes it possible to produce materials with entirely new processing or service properties. In particular, fillers affect the structure and mechanical strength of polymers [1] . Here it is possible to combine the unique properties of the nanoparticles and of the organic polymer matrix [2] . The filled polymers are typical heterogeneous systems with a highly developed phase interface. In this case the heterogeneity is determined both by the presence of the disperse phase in the polymer matrix and by differences in the structure of the polymer in the surface layers and in the bulk. It is of interest to investigate the mechanism of structure formation in filled polymer systems, and also the effect of nanosized fillers on the mechanical properties of the composites.
exPeRIMeNtal
The investigation was conducted on model blends of materials widely used in industry -polyvinyl chloride (PVC) and nitrile butadiene rubber (NBR) with a content of 26 wt% acrylonitrile -filled with nanosized powder of aluminium oxide and DG-100 carbon black. The specific surface of the fillers used was of the order of 100 m 2 /g. The concentration of carbon black and aluminium increased by an exponential law: 0.1, 0.271, 0.73, 1.99, and 5.37 wt%.
The mixing of polymers with fillers was done on a laboratory mill in a polymer melt at 393 ± 5 K, and the mixing time was 10 min. Polymer specimens for measuring the deformation and strength properties were prepared by pressing on a hydraulic press at 423 ± K and holding under a pressure of 100 atm for 10 min.
The tensile strength and strain were determined at 293 K on an RM-122 tensile testing machine at an elongation rate of 100 mm/min.
The distribution of the carbon black and aluminium particles was studied on a LATIMET optical microscope in transmitted light on thin pressings of 6-8 µm thickness. The degree of increase was established by scaling according to pictures of a micrometric rule obtained under the same conditions as micrographs of the polymer blends.
ReSultS aNd dIScuSSIoN
The structure formation in polymers when fillers are introduced is an extremely important factor determining the reinforcing effect of the fillers in the polymers. This problem can be regarded firstly from the viewpoint of structure formation in the polymer as a result of the interaction of filler particles with each other and secondly from the viewpoint of structure formation in the polymer itself in the presence of filler. The latter is especially important in those cases where the content of filler in the system is relatively small and it is unable itself to form a continuous structure. In this case, however, the filler affects the process of structure formation both in the boundary layers and in the bulk of the polymer.
In a heterogeneous blend of polymers, fillers are distributed unevenly between the polymer phases. For example, carbon black remains almost entirely in the phase of the polymer component with which it was premixed [3] [4] [5] [6] [7] . As shown by Zaikin et al. [8] , for some heterogeneous blends, localisation of carbon black occurs at the phase boundary, which leads to superadditive electrical conductivity. For a heterogeneous blend of nitrile butadiene rubber and polyvinyl chloride, and also for pure NBR with carbon black, coagulation of carbon black particles in the polymer matrix is observed ( Figure 1a) .
Such a redistribution of particles is due to the fact that this process is thermodynamically favourable. Carbon black particles are introduced into the polymer melt similarly to liquids. As is known, the condition of localisation of solid particles at the boundary of two unwetted liquids is determined by the thermodynamic equation [9] :
where s 13 is the interphase tension at the boundary of the first liquid with the solid surface, s 23 is the interphase tension at the boundary of the second liquid with the same solid surface, s 12 is the interphase tension between the liquids, and θ is the wetting angle.
We will assume that cos θ → 1 (absolute wetting). Then (s 13 -s 23 )/ s 12 → 1, and accordingly (s 13 -s 23 ) → s 12 .
If cos θ → 0 (cos θ → p/2), then (s 13 -s 23 )/ s 12 → 0 and s 12 ≠ 0, and s 13 → s 23 .
Finally, cos θ → −1 (absolute non-wetting), and then (s 13 -s 23 )/s 12 → −1, which is satisfied under the following condition: s 13 + s 12 → s 23 .
From the given conditions it follows that such localisation is thermodynamically favourable at any wetting angle of the solid surface by the liquid phases. This means that in the vast majority of cases the filler should be localised at the phase boundary. However, Sircal [4] found that, for some blends, including PVC with NBR, localisation of carbon black at the phase boundary does not occur. Sircal attributed this to the very high viscosity of PVC.
From Figure 1a it can be seen that carbon black is distributed throughout the bulk of the polymer matrix, in some places forming fairly large build-ups of particles. Aluminium particles, however, with the same concentration of components, are localised at the phase boundaries (Figure 1b) . Such a particle redistribution is bound to affect the properties of the polymer composite. In particular, such localisation of carbon black at the boundary between the polymers, as shown by Zaikin et al. [8] , leads to an increase in electrical conductivity.
The deformation and strength properties of polymer systems depend considerably on the filler introduced. An active filler affects the structure of the composite, thereby influencing the properties of the system. The surface of polymer blends with an identical content of different fillers is likewise dissimilar (Figure 2 ).
On AFM scans ( Figure 2 ) it can be seen that the introduction of 5.37 wt% carbon black leads to an increase in surface roughness by comparison with the initial system. This is due to the fact that the surface of particles of active filler is energetically dissimilar. The energy of interaction of the filler particles at the points of their contact is greater than the energy of interaction at the rubber/filler boundary [1] . This leads to a change in the supermolecular organisation of the polymer composite. Aluminium, however, located as it is at the phase boundary, smooths the surface (Figure 2c) .
The introduction of active filler -carbon black DG-100 -into synthetic rubber (SKN-26 nitrile butadiene rubber) leads to a non-additive change in the deformation and strength properties of the rubber. Even the introduction of a small quantity of carbon black (0.1%) lowers the strain sharply (Figure 3) , but the stress that on the graph corresponds to the given magnitude of strain is considerably higher than the stress of unfilled rubber. Increase in the carbon black concentration to 0.271% leads to a 60% increase in strength without any loss of strain. Further increase in the carbon black content in the rubber to 0.73% increases the strength considerably (by 100%), but the strain decreases.
By comparison with the active filler, the inert filler (aluminium) has hardly any effect on the strain of the rubber (Figure 4) . The strength decreases disproportionately to increase in the aluminium concentration. Optimum in this case is an aluminium concentration of 0.73%. Above and below this concentration, the strength falls sharply. Kuleznev [10] likewise observed a non-additive dependence of the strength of a polymer nanocomposite on the content of organic clay. In particular, the tensile strength was highest at a filler concentration of 3%. With increase in concentration to 5%, the strength decreased. The addition to the rubber of 5% PVC hardly leads to any change in the deformation and strength properties of SKN-26 NBR ( Figure 5) . The strength remains at the 1.5 x 10 7 N/m 2 level.
. AFM data for the surface of (a) an SKN (95%) + PVC (5%) blend, (b) an SKN (95%) + PVC (5%) + carbon black (5.37%) blend, and (c) an SKN (95%) + PVC (5%) + aluminium (5.37%) blend
The introduction into this blend of 0.1% carbon black in total leads to a threefold increase in strength ( Figure 5 ). Carbon black particles are relaxers of the stresses arising in the polymer matrix under load. Further increase in the carbon black concentration leads to a reduction in strength, but at a concentration of 5.37% the strength becomes maximum, which is due to the ability of carbon black to form chain structures in a polymer medium (Figure 1) . This effect was studied in detail by Dogadkin and Pechkovskaya [11] for a number of filled rubbers. They established that, the greater the degree of structure formation, i.e. the degree of development of the chain structure of the filler, the greater the reinforcing effect. The formation of chain structures of active filler in rubber is due to the fact that the surface of the particles of active filler is energetically dissimilar. The energy of interaction of particles of nanosized filler at points of their contact is greater than the energy of interaction at the polymer/ carbon black boundary. The reinforcing effect of chain structures is due to the fact that they are the matrix to which the rubber molecules are oriented. The greater the development of the chain structure, the greater its orienting effect on the rubber chains. The formation of such structures of active filler is an independent factor in rubber reinforcement, as, on fracture of polymer composites containing active fillers, the plane of rupture intersects the stronger bonds between the carbon black particles, which prevents failure.
As regards an SKN-26 (95%) + PVC (5%) blend with aluminium ( Figure 6) , at a concentration of 0.73% there is an increase in strength. Failure almost always begins from microdefects or inhomogeneities in the material, which result in the emergence of localised stresses considerably higher than the average stress in the mass of the material. If the localised stresses are sufficiently high, they will lead to defect growth and to failure of the material. Therefore, along with other factors, the strength of the material is determined by the nature and size of the defects governing the stresses at the tip of the crack, and strengthening may be due to change in the magnitude of the stresses close to the aluminium particles, with stress relaxation and stress redistribution to a large number of centres of microcrack growth.
However, increase in the amount of aluminium in the composite to 5.37% leads to local build-ups of particles at the phase boundaries (Figure 1b) , which entails a fall in the deformation and strength properties ( Figure 6 ).
The introduction of 0.1% carbon black into an SKN-26 (80%) + PVC (20%) blend (Figure 7) also has a reinforcing effect on the deformation and strength properties of the composite. The introduction of 0.271% carbon black raises the strength and strain almost twofold. The strengthening of polymers when disperse fillers are introduced occurs by the formation of a continuous reinforcing skeleton as a result of the interaction of filler particles with each other. The superimposition of different factors affecting strength leads to an extremal dependence of strength on degree of filling in a number of cases, characterised by the presence of a so-called concentration optimum [12] . It is regarded as the limit of saturation of adsorption centres on the surface of the filler by macromolecules. With a filler content exceeding this optimum, continuity of the three-dimensional structure is lost.
For an SKN-26 (80%) + PVC (20%) + Al system (Figure 8) , the optimum aluminium content is 0.1%.
At the given concentration there is an increase in strain. Differences in the coefficients of thermal expansion of the polymer and filler lead to overstresses or even vacuoles being formed at the boundary as a result of cooling of the system after mixing. When filled specimens are subjected to a load, additional tensile straining occurs at the point of rupture, and orientation is observed, which leads to strengthening.
Thus, the reinforcing effect of fillers in polymer composites is determined by a number of factors, the principal ones being the size (fineness) and shape of the particles, the nature of their surface, and also their ability to be wetted by rubber. The surface of carbon blacks is hydrophobic (water repellent), but the particles are wetted well by rubber, which also possesses hydrophobic properties, and form strong bonds with it. Increase in bonds is promoted by the presence on the surface of the carbon black particles of different functional groups which, during vulcanisation, can interact with sulphur and enter the three-dimensional network of the polymer.
It should also be pointed out that an optimum is observed, at which the effect from modification is most marked, and further filling leads to deterioration in the characteristics of the material. The given effect is connected with processes of aggregation of particles in the blend during curing. The optimum degree of filling is individual for each type of particle and depends on the following characteristics: the size and shape of the particles, their density, and the chemical composition of the surface. 
